ABSTRACT DNA polymerase lambda (Pol l) is one of several DNA polymerases suggested to participate in base excision repair (BER), in repair of broken DNA ends and in translesion synthesis. It has been proposed that the nature of the DNA intermediates partly determines which polymerase is used for a particular repair reaction. To test this hypothesis, here we examine the ability of human Pol l to extend mismatched primer-termini, either on 'open' templateprimer substrates, or on its preferred substrate, a 1 nt gapped-DNA molecule having a 5 0 -phosphate. Interestingly, Pol l extended mismatches with an average efficiency of %10 À2 relative to matched base pairs. The match and mismatch extension catalytic efficiencies obtained on gapped molecules were %260-fold higher than on template-primer molecules. A crystal structure of Pol l in complex with a single-nucleotide gap containing a dG·dGMP mismatch at the primer-terminus (2.40 Å ) suggests that, at least for certain mispairs, Pol l is unable to differentiate between matched and mismatched termini during the DNA binding step, thus accounting for the relatively high efficiency of mismatch extension. This property of Pol l suggests a potential role as a 'mismatch extender' during nonhomologous end joining (NHEJ), and possibly during translesion synthesis.
INTRODUCTION
The human genome encodes 16 DNA polymerases (1), classified into four discrete families (A, B, X and Y) based on differences in the primary structure of their catalytic subunits (2) . Family X DNA polymerases are small enzymes present in different organisms ranging from viruses to higher eukaryotes (3) (4) (5) (6) . Members of this family vary considerably in their biochemical features and associated functions.
DNA polymerase l (Pol l) is a family X member that is widespread among higher eukaryotes, both in animals and plants. Human Pol l is similar in sequence to human Pol b (32% amino acid identity), and both enzymes share many of their biochemical properties, including a dRP lyase activity, required to complement the DNA synthesis step associated with base excision repair (BER), as shown both in vitro and in vivo (7, 8) . Compared to Pol b, Pol l has a higher affinity for dNTPs, leading to the suggestion that it would be the DNA repair enzyme of choice when intracellular dNTP concentrations are low (9) . Moreover, structural analysis of Pol l has revealed a high overall structural similarity with Pol b, but also different conformational changes associated with catalysis (10, 11) .
In eukaryotes and prokaryotes, double-strand breaks (DSBs) are repaired by non-homologous end joining (NHEJ) and homologous recombination (HR) (12) (13) (14) (15) (16) . NHEJ is the predominant pathway in multicellular eukaryotes. In this process, DNA ends are rejoined using sequence microhomology (17, 18) . Generation and resolution of NHEJ intermediates frequently requires nucleolytic processing and DNA synthesis in addition to the ligation step. Multiple family X enzymes have been implicated in DSB repair processes, including yeast Pol IV (19) , TdT for a specialized form of NHEJ, V(D)J recombination (20) and Pol m for NHEJ during immunoglobulin light chain recombination (21, 22) . Although the exact biological functions of Pol l are not yet certain, the observation that Pol l has an extraordinary ability to generate frameshift errors (23) suggests an ability to use NHEJ intermediates. In fact, filling short gaps during XRCC4-LigaseIVdependent rejoining of DSBs requires the presence of Pol l in HeLa cell extracts, suggesting that Pol l contributes to NHEJ in human cells (24) . More recently, it has been shown that Pol l is capable of performing junctional additions during NHEJ in vitro, based on a BRCT-mediated efficient interaction with the NHEJ factors Ku, XRCC4 and Ligase IV (18, 25, 26) . Thus, at least three different human family X polymerases are implicated in NHEJ reactions. The choice of which polymerase participates in a given repair reaction has been suggested to partly depend on differences in the nature of the DNA ends that must be joined (18) . One goal of the present study is to further test this hypothesis.
All the family X DNA polymerases implicated in NHEJ lack intrinsic exonucleolytic proofreading activity, which is undoubtedly relevant to their ability to use misaligned and/ or mismatched template-primer regions with only short regions of homology. Indeed, it has recently been shown that Pol l can accommodate and efficiently extend misaligned substrates containing as little as one correct terminal base pair with an unpaired nucleotide upstream of the polymerase active site (27) . Gap-filling during NHEJ may require the ability to extend not only misaligned substrates but also those containing base-base mismatches. Also, Pol l has been implicated in translesion DNA synthesis (TLS) (28, 29) , a process that may also benefit from an ability to extend substrates with aberrant geometry, including mismatched substrates. For example, Pol z, Pol h, Pol i and Pol k are all implicated in TLS, and all four are relatively promiscuous in extending mismatched primer-termini (30) (31) (32) (33) . For these reasons, and because the ability of Pol l to extend base-base mismatches has not been reported, here we determine the ability of Pol l to extend mispairs both on 'open' template-primer and 1 nt gapped molecules. These data are considered in comparison to other polymerases implicated in BER, NHEJ and TLS, and in light of a new crystal structure of Pol l complexed with a 1 nt gapped-DNA containing a dG·dGMP mismatched primer-terminus.
MATERIALS AND METHODS

Materials
Synthetic oligonucleotides purified by PAGE were obtained from Invitrogen or Eurogentec. Template-primer molecules were generated by annealing four P1 primers (5 0 -GATCA-CAGTGAGTAN, where N is A, C, G or T) to four T6 templates (5 0 -TCTATCNTACTCACTGTGATC, where N is A, C, G or T). One nucleotide gapped molecules with a 5 0 phosphate group were obtained by annealing the four P1 primers to four T13 templates (5 0 -AGAAGTGTATCTCNT-ACTCACTGTGATC where N is A, C, G or T) and to downstream oligonucleotide Dg1P (5 0 -AGATACACTTCT, with a 5 0 phosphate group). All primers were labeled at its 5 0 end with [g-32 P]ATP (3000 Ci/mmol, Amersham) and T4 polynucleotide kinase (New England Biolabs). The primers were then hybridized to one (template) or two (template and downstream) oligonucleotides to generate all different molecules in the presence of 50 mM Tris-HCl (pH 7.5) and 0.3 M NaCl and heating to 80 C for 10 min before slowly cooling to room temperature over night.
The full-length versions of human Pol m, Pol l and the human Pol l core fragment (39 kDa) were expressed and purified as described previously (9, 10, 34 
Primer extension assays
The incubation mixture (20 ml) contained 50 mM Tris-HCl (pH 7.5), 2.5 mM MgCl 2 , 1 mM DTT, 4% glycerol, 0.1 mg/ml BSA, 5 nM labeled primer strand and 360 nM of each DNA polymerase (human Pol b, human Pol m and human Pol l full-length). Extension of the labeled primer strand in the presence of each nucleotide (5 mM) was analyzed by 8 M urea and 20% PAGE and autoradiography.
Steady-state kinetics assays
The incubation mixture (20 ml) contained 50 mM Tris-HCl (pH 7.5), 2.5 mM MgCl 2 , 1 mM DTT, 4% glycerol, 0.1 mg/ml BSA, 0.25 mM DNA and 2.5 or 5 nM of human Pol l core fragment (39 kDa) for matched 'open' templateprimers, and 75 or 100 nM for mismatched ones. dGTP concentrations ranged from 0.05 to 100 mM for the matched 'open' template-primers, and from 1 to 1000 mM for the mismatched ones. On 1 nt 5 0 -phosphate gapped molecules, 5 nM of Pol l core fragment was added for matched and mismatched template-primers, with the exception of the dC·dCMP pair that required 20 nM Pol l. On gap molecules, dGTP concentrations ranged from 0.0005 to 0.2 mM for the matched template-primers, and from 0.005 to 1000 mM for the mismatched ones. Reactions were started by adding the indicated concentration of dGTP and incubated at 37 C for 20 min. After incubation, reactions were stopped by adding loading buffer (10 mM EDTA, 95% formamide, 0.03% bromophenol blue and 0.3% cyanol blue). Samples were then run on 20% polyacrylamide sequencing gels containing 8 M urea, to separate the unextended and extended DNA primers. Gel band intensities were quantified using a BAS reader 1500 (Fujifilm). The observed rate of nucleotide incorporation (extended primer) was then plotted as a function of nucleotide concentration, and the apparent K m and V max parameters were obtained from the best fit to the Michaelis-
)} using nonlinear regression (Kaleidagraph, Synergy Software, www. synergy.com). In all cases the quality of the fit of the data were acceptable. The intrinsic efficiency of mismatch extension, f o ext , a constant that represents the efficiency of extending mismatched versus matched termini, was calculated using the following equation:
Protein crystallization
Crystals were formed using the hanging drop method, mixing 2 ml of the protein solution containing DNA with 2 ml of the reservoir solution containing 0.1 M sodium cacodylate (pH 5.5), 40 mM MgCl 2 and 7% (w/v) MPD. The crystal was transferred to a solution containing 0.1 M sodium cacodylate (pH 5.5), 50 mM MgCl 2 , 100 mM NaCl, 8% (w/v) MPD and then transferred into cryo-solution containing 0.1 M sodium cacodylate (pH 5.5), 50 mM MgCl 2 , 100 mM NaCl and 35% (w/v) MPD for flash cooling. The crystal was transferred into the cryo-solution in four steps of increasing cryoprotectant concentration, frozen in liquid nitrogen and then mounted on a goniometer in a cold stream of nitrogen at À178 C for data collection.
Data collection and processing
Data was collected on a RAXISIV area detector system mounted on a RU3H rotating anode generator equipped with MSC confocal blue mirrors, and processed using the HKL2000 data processing software (35) .
Refinement
The PDB 1XSL coordinates were used as a starting model for refinement. This model was then refined with CNS (36) using the torsion angle dynamics and individual B-factor refinement protocols. Model building was performed using iterative cycles of manual model building using the program O (37) and refinement with CNS. The electron density maps were of sufficient quality to build most side chains, all backbone atoms from 249-575 of Pol l and all nucleotides of the primer, template and downstream primer. Superimposition of the four molecules present in the asymmetric unit revealed no noticeable difference between them. The molecule with the lowest mean B value (chain M) was used to generate the figures.
The quality of the model was assessed using Molprobity (38) and it was found to have good stereochemistry (see Table 1 ).
RESULTS
Mismatch extension ability of the members of the family X of DNA polymerases
In humans, all three template-dependent DNA polymerases from family X (Pol b, Pol l and Pol m) lack a proofreading 3 0 !5 0 exonuclease, but they differ in their interaction with DNA and, consequently, in their biological function during DNA repair (1) . Each of the three enzymes preferentially incorporates the correct nucleotide (dAMP) into a matched primer-terminus ( Figure 1, left panels) . However, when the primer-terminus is not correctly paired to a template base (as an example, a dG·dGMP mispair at the primer-terminus), the behavior of the three enzymes is significantly different (Figure 1 , right panels). While Pol b is not able to extend the mispaired primer-terminus with any of the 4 nt, Pol m and Pol l use different solutions for extension. In agreement with previous findings (39) , Pol m prefers to stabilize/induce a relocation of the primer to form a dC·dGMP correct pair (dC at position 1), that allows incorporation of a complementary dA residue opposite the next templating base (dT at position 2). In agreement with that mechanism, when the template base at position 2 was changed, the inserted nucleotide changed accordingly (data not shown). With lower efficiency, Pol m is also able to insert an untemplated dT residue, perhaps due to its intrinsic terminal transferase activity (34, 40) . The least efficient solution is the insertion of dG, suggesting that Pol m is poorly able to directly extend the mismatch.
In clear contrast, when human Pol l encounters the dG·dGMP mispair, it directly extends the mismatch by incorporating a dG residue, complementary to the first available templating base (dC at position 1).
Therefore, both Pol m and Pol l are able to extend mismatched DNA primers but with very different consequences. The action of Pol m on the mismatch would mainly produce a À1 deletion associated with extension of the mismatch, whereas Pol l would predominantly extend the mismatch without producing additional errors.
Steady-state kinetic analysis of mismatch extension efficiency of human Pol l A truncated form of Pol l corresponding to the Pol b-like core has been recently crystallized in the presence of DNA and dNTP (11) . This 39 kDa form of human Pol l, lacking the first 241 amino acids encoding the BRCT and Ser/Prorich domains, but having wild-type like activity (10) , was used to examine the steady-state kinetics of primer extension for the four correctly paired and 12 mispaired termini in 'open' template-primer structures. Direct mismatch extension by Pol l on these substrates was assessed in the presence of dGTP. The rate of nucleotide incorporation, obtained as described in Materials and Methods, was plotted as a function of nucleotide concentration and V max and K m apparent values for extension of each primer-terminus were then determined. From these values, the frequency of mismatch extension (f ext ), which is the ratio of the apparent k cat /K m of extension from the mispair to the apparent k cat /K m of extension from a correct base pair, was then calculated.
As shown in Table 2 , human Pol l is capable of extending most mismatches, although the efficiency of extension strongly varies depending on the nature of the mismatch. Thus, while Pol l has low efficiency for extension of mismatches having a pyrimidine as the template base (dC·dAMP; dAMP; dC·dCMP; dC·dTMP; dT·dCMP; dT·dTMP), it is relatively efficient at extending mismatches when the template base is a purine. The exception to this trend is the mismatch dT·dGMP, extended with a catalytic efficiency that is similar to those obtained with mismatches employing purines as template bases. Interestingly, this is one of the most efficiently inserted and extended mismatches by DNA polymerases (41) . As it has been reported for Bacillus stearothermophilus DNA polymerase (42), extension of dT·dGMP by Pol l could be favored by a special geometry in which the mismatched primer base (dG) adopts a conformation similar to that of a cognate base at that position. Even when a purine is the template base of the mispair, the catalytic efficiencies are comparatively lower than those observed when extending matched primer ends (varying over a 100-fold range). Consequently, human Pol l extends from mispairs on 'open' template-primer molecules with an average frequency of 2.76 · 10 À2 . Therefore, the kinetic difference for the efficiency of extending a matched terminus versus a mismatched terminus is only about 36-fold on average, when considering the seven mismatches that were extended.
The presence of a downstream oligonucleotide with a 5 0 phosphate group allows Pol l to perform mismatch extension on 12 possible mispairs DNA molecules having small gaps are the preferred DNA substrate for Pol l. In these substrates, the 8 kDa domain of the enzyme, which contains its intrinsic dRP lyase activity (7), establishes interactions with the downstream end of the gap (10) that modulate the activity of the enzyme. Thus, the presence of a 5 0 phosphate group flanking the 
Primer extension was measured in the presence of dGTP, the next correct nucleotide. Data are means (± standard error) from at least three independent experiments. n.d. not detected.
gap produces a significant increase in the formation of the enzyme-DNA binary complex (A. J. Picher and L. Blanco, unpublished data), and also increases the processivity of the enzyme (9) . Both in vivo roles attributed to Pol l [i.e. gapfilling synthesis during BER and repair of double-strand breaks through NHEJ (18, (24) (25) (26) ] involve synthesis on a gapped substrate. Therefore, it was important to measure the capacity of Pol l as a mismatch extender when acting on its preferred substrate, a single-nucleotide gap having a flanking 5 0 phosphate. As shown in Table 3 , the catalytic efficiency for extending the four complementary primer-termini (dA·dTMP; dC·dGMP; dG·dCMP; dT·dAMP) on a 1 nt 5 0 -phosphate gap molecule was 320-, 130-, 270-and 340-fold higher respectively, than that for a 'open' template-primer molecule having identical primer DNA sequence. Interestingly, extension of all 12 different mismatches was detected on the gapped-DNA (Table 3, (Table 2 ). This significant increase in the catalytic efficiency was similar to the average increase obtained for the matched primer-termini (260-fold). As a mean value, human Pol l extends from mispairs on gapped-DNA molecules with an average frequency of 1.53 · 10 À2 . Thus, the kinetic differences for extending a matched versus mismatched terminus on gapped-DNA is about 65-fold.
Structural analysis of mismatch extension by Pol l
Mismatch extension kinetics for other polymerases indicated that, in general, purine-purine mispairs are extended with lower efficiencies than pyrimidine-pyrimidine or purinepyrimidine mispairs (41, 43, 44) . This is consistent with the importance of the size and shape of the base pair for DNA polymerase fidelity (45) . In contrast, Pol l appears to be capable of extending purine-purine mismatches with a similar efficiency (even higher in some cases) than pyrimidinepyrimidine or purine-pyriminidine mismatches. To understand this observation we decided to crystallize Pol l with a DNA duplex containing a single-nucleotide gap with a dG·dGMP mispair in the primer-terminus. This mispair is known to be extended with very low efficiency by some DNA polymerases (43) .
Crystals diffracting at 2.4 s were obtained, and the structure was refined to a R-factor of 21.04% and a R-free of 25.45% (Table 1 ; see Materials and Methods). In this complex, Pol l is in a closed conformation, similar to that observed in a complex with a correctly matched substrate [r.m.s.d. of 0.208 s for 327 C-a atoms; (10)]. In the new structure, a dG·dGMP mispair is observed at the primerterminus, where the templating dG has rotated about the N-glycosidic bond and is in a syn conformation (Figure 2) . Interestingly, no significant amino acid side chain movements are required to accommodate the mispair in the primerterminus, and no significant perturbation in the DNA backbone is observed, indicating that Pol l is capable of easily accommodating even a bulky purine-purine mispair, consistent with the high relative efficiency of mismatch extension reported here. However, extension from a dG·dGMP mismatch is about 50-fold less efficient that extension from a correct dG·dCMP pair, and part of this effect might be related to a slight difference in the conformation of the ribose (and the 3 0 OH nucleophile) of the primer-terminal nucleotide. Moreover, upon dNTP binding, Pol l undergoes a conformational change that results in a shift in the position of the template strand through the establishment of protein interactions of the Arg517 and Tyr505 side chains with the minor groove of this base pair (11) . These interactions are believed to be critical for correct positioning of the substrates, and thus for catalysis. Optimal geometry, as determined by those interactions, will thus strongly depend on the geometry of the terminal base pair. Modeling of these Pol l catalytic conformational changes on the Pol l / dG·dGMP crystal suggests that this mispair will not properly establish those interactions (Figure 2) , thus likely having a negative effect on the rate of the reaction.
DISCUSSION
Family X DNA polymerases include those implicated in several different DNA repair processes, such as BER, 
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Primer extension was measured in the presence of dGTP, the next correct nucleotide. Data are means (± standard error) from at least three independent experiments.
NHEJ and V(D)J recombination. Crucial differences in their biochemical properties enable each member of this family to take part in different synthetic reactions. Here, we show that Pol l is relatively efficient in extending single base-base mispairs, supporting a role for Pol l in DNA synthesis processes that may require the extension of mismatches. Mismatch extension is a key event for mutagenesis, and it is also believed to be important for processes, such as TLS. Indeed, efficient mismatch extension is a characteristic of several polymerases involved in TLS, such as Pol z, Pol h, Pol i and Pol k (30-33,46,47) . Pol l has been proposed to play a role in TLS for incorporation opposite a lesion (28, 29) . Interestingly, concerning its ability to extend from mismatches, Pol l resembles these DNA polymerases, suggesting its capacity to participate in the TLS extension step. On 'open' template-primer DNA molecules that may be relevant to TLS, for certain mismatches Pol l shows extension frequencies (f ext ) similar to those of the most promiscuous mismatch extenders known, Pol k and Pol z (30,31) . Moreover, on 1 nt 5 0 -phosphate gapped-DNA molecules that may be particularly relevant to DNA repair, Pol l showed an efficient mismatch extension ability for all possible mispairs (Table 3) . When a purine is the template base of the mismatch, Pol l shows values close to the ones of Pol k and Pol z, whereas, when a pyrimidine is the template base, the mismatch extension efficiencies decrease and are similar to those obtained by Pol b [(48); see Figure 3 ). Pol a from Drosophila melanogaster displays a much more modest ability to extend mispairs [(43); see Figure 3 ).
The in vivo relevance of the mismatch extension capacity of Pol l could be related to its role in gap-filling during the NHEJ repair process. During NHEJ, a DNA polymerase is needed for any event that requires filling of gaps or extension of the 3 0 end at 5 0 overhangs. Recent in vitro studies have shown that both Pol l and Pol m are able to bind the NHEJ proteins and perform gap-filling synthesis during rejoining (18, 21, 25, 26) . Moreover, both Pol l and Pol m are able to catalyze NHEJ of ends with very limited complementarity. The ability of Pol l to directly extend mismatches distinguishes it from Pol m, which appears not to be an efficient direct extender of mispaired primer-termini. Family X DNA polymerases thus seem to have become highly specialized, able to perform different tasks even in the same general process of DNA repair. While there seems to be certain redundancy of function within the gap-filling step of NHEJ, the specific DNA polymerase that operates on a particular joining reaction appears to be determined by the sequence of the ends. Thus, while Pol m would be particularly suited for joining reactions where the two strands display no homology (18) , Pol l would be more suited for substrates with microhomology, particularly when implying misalignments (27) or, as shown here, implying a mismatched primerterminus.
The ability of Pol l to extend mispaired primer-termini prompted us to investigate the structural aspects of mismatch extension for this polymerase. Previous work (42, 49) has shown that mismatches at the primer-terminus can disrupt significantly the polymerase active site, impairing catalysis. This is true even when the mismatch is located a few base pairs upstream of the primer-terminus (42) . This suggests that DNA polymerases discriminate against terminal mismatches both at the binding step and the insertion step. For replicative polymerases, this is believed to be a mechanism by which they can favor proofreading of the misincorporated nucleotide: these enzymes monitor correct base pairing through minor groove interactions with several base pairs upstream of the active site (50) , and these interactions can be disrupted by a mismatch (42) . Pol l establishes similar interactions with the DNA duplex, but only with the terminal base pair and in the catalytic conformation. The fewer number of interactions has been suggested to be one of the structural reasons why Pol l can tolerate significant distortion upstream of the template-primer. In addition, the present structure suggests that, at least before those minor groove interactions are established, Pol l is capable of binding mismatched template-primers. Thus, at least for dG·dGMP mispairs, Pol l seems to lack a mechanism to discriminate against the terminal mispair during DNA binding. However, the minor groove interactions that are established during the incoming nucleotide binding are unlikely to form, thus accounting for the lower catalytic efficiency on mismatched substrates. This structure thus confirms the importance of the Pol l conformational change to polymerase selectivity, and further supports the unusual tolerance of Pol l for potentially mutagenic substrates. 
T C G T
